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Abstract: The process in which nanostructured surfaces mediate cell adhesion is not well 
understood, and may be indirect (via protein adsorption) or direct. We prepared Sr-doped hydroxy - 
apatite (Sr f HA) 3D nanorods (with interrod spacing of 67.3+3.8, 95.7+4.2, and 136.8+8.7 
nm) and 2D nanogranulate patterned coatings on titanium. Employing the coatings under the 
same surface chemistry and roughness, we investigated the indirect/direct role of Srj-HA nano- 
topographies in the regulation of osteoblast adhesion in both serum-free and serum-containing 
Dulbecco's Modified Eagle/Ham's Medium. The results reveal that the number of adherent cells, 
cell-secreted anchoring proteins (fibronectin, vitronectin, and collagen), vinculin and focal adhe- 
sion kinase (FAK) denoted focal adhesion (FA) contact, and gene expression of vinculin, FAK, 
and integrin subunits (a 2 , a 5 , a v , (3,, and (3 3 ), undergo significant changes in the inter-nanorod 
spacing and dimensionality of Sr^HA nanotopographies in the absence of serum; they are 
significantly enhanced on the <96 nm spaced nanorods and more pronounced with decreasing 
interrod spacing. However, they are inhibited on the >96 nm spaced nanorods compared to 
nanogranulated 2D topography. Although the adsorption of fibronectin and vitronectin from 
serum are higher on 136.8+8.7 nm spaced nanorod patterned topography than nanogranulated 
topography, cell adhesion is inhibited on the former compared to the latter in the presence of 
serum, further suggesting that reduced cell adhesion is independent of protein adsorption. It 
is clearly indicated that 3D nanotopography can directly modulate cell adhesion by regulating 
integrins, which subsequently mediate anchoring proteins' secretion and FA formation rather 
than via protein adsorption. 

Keywords: nanotopography, inter-nanorod spacing, osteoblast adhesion, integrin, anchoring 
protein secretion, focal adhesion 

Introduction 

Osteogenic cells, such as mesenchymal stem cells (MSC) and osteoblasts, are 
anchorage-dependent cells, and the interactions between the cells and orthopedic 
implants play a crucial role in osteointegration. 1 Adhesion of the cells is the first phase of 
the interactions, occurring in four major steps: protein adsorption, cell-material contact, 
attachment, and spreading. 1,2 The quality of this first phase has been proven to influence 
subsequent cellular behavior such as proliferation, differentiation, and apoptosis. 2 In 
most instances of anchorage-dependent cells, cell adhesion to a material surface is 
achieved via the formation of intracellular focal adhesion and triggered by biocon- 
jugation of some ligands in the extracellular matrix (ECM) to integrins. 3 The focal 
adhesion is a large and robust molecular complex that consists of structural proteins, 
including vinculin, talin, and a-actinin, and signaling molecules, such as focal adhe- 
sion kinase (FAK) and paxillin. 4 Integrin is a heterodimeric transmembrane receptor, 
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composed of an a- and a (3-subunit. With their extracellular 
domains, integrins can bind to specific amino acid sequences 
such as arginine-glycine-aspartic acid (RGD) motifs in ECM 
proteins like collagens, fibronectin, vitronectin, fibrinogen, 
laminin, osteopontin, and bone sialoprotein. 5 " 7 

An important aspect of orthopedic implant integration 
is the enhancement of the functional activity of osteoblasts 
at the tissue-implant interface without any fibrous tissue 
intervention. 8 Cell-material interactions depend on the sur- 
face properties of the material, such as chemistry, 2 - 9-11 surface 
energy, 212 roughness, 13 and topography. 14 " 22 Recent works 
demonstrated that three-dimensional (3D) nanotopography 
could influence cell adhesion; however, conflicting results 
have been reported. For example, hydroxyapatite (HA) 
nanoneedles and nanofibers, 17 quasi-aligned TiC and Ti0 2 
nanowires, 18 and randomly oriented and upright Si0 2 and 
ZnO nanorods 19 inhibited adhesion and spreading of cells. 
In contrast, the other lines revealed that ZnO nanofiowers, 20 
gold-coated silicon nanopillars, 21 and Co-Cr nanopillars 22 
improve the cell adhesion compared to the corresponding 
2D counterparts. Therefore, it is necessary to construct a 
nanopatterned surface on the implant, which would favor 
positive interactions with osteoblasts. 

The process in which nanostructured surfaces of materi- 
als mediate cell adhesion is not well understood. 23 - 24 Many 
works have revealed that this process may be indirect, where 
the surface topographies affect the type, amount, orientation, 
or conformation of adsorbed proteins (such as fibronectin, 
vitronectin, laminin, and collagen) on the surfaces from body 
fluids (such as blood, plasma or serum), which in turn influ- 
ences cell response. For instance, it has been demonstrated 
that surface nanotopography does not significantly affect cell 
adhesion in the absence of serum, 25 whereas nanograined 
ceramics 26 and metals 27 - 28 can enhance cell adhesion through 
increased protein adsorption compared to coarse-grained 
materials in the presence of serum. A typical review, focusing 
on 2D nanotopographical surfaces, highlighted that cells are 
in some cases essentially controlled by the surface-adsorbed 
proteins rather than by direct signaling from nanoscale sur- 
face cues. 23 However, recent studies found that the adsorbed 
fibronectin did not affect cell adhesion on nano-hut/dome 
tantalum surfaces compared to flat surfaces, 14 and the reduced 
cell adhesion on TiC nanowires 18 and Si0 2 nanorods 19 was 
independent of protein adsorption. These findings imply that 
the process of cell adhesion on 3D nanotopographs may be 
directly mediated by signaling from nanoscale surface cues 
rather than by surface-adsorbed proteins, although there was 
lack of evidence in the absence of serum. 1418,19 - 23 



Studies on the chemical composition of nanotopographies 
have highlighted the significance of HA in promoting cell 
response, 29 - 30 and strontium-doped HA (Ca 10 x SrJP0 4 ] 6 [OH] 2 , 
Sr x -HA) with a Sr dose lower than 20% enhances osteoblast 
activity 31 and the positive effect of HA on bone integration. 32 
In our previous works, we prepared nanogranulated HA, 33 
Sr 05 -HA-, Sr,-HA-, Sr 2 -HA-, 32 and Sr 10 -HA- 34 patterned Ti0 2 
coatings using microarc oxidation (MAO), and also synthe- 
sized nanorod-shaped Sfj-HA-patterned Ti0 2 coatings on 
macroporous titanium scaffolds 35 and dense titanium 36 using 
a two-step method of MAO and hydrothermal treatment (HT). 
It has been revealed that these multilayer coatings can firmly 
adhere to titanium substrates, 35 and the proliferation and 
differentiation of osteoblasts can be positively or negatively 
regulated by the narrow or wide interrod spacing of the Srj-HA 
nanorods in the presence of serum, respectively. 36 In the present 
study, the processes of osteoblast adhesion on the 3D Srj-HA 
nanorod (with different interrod spacing) patterned coatings 
were investigated in serum-containing and serum-free cell- 
culture media, together with 2D Srj-HA nanogranule-patterned 
coating, to identify the effect of such nanotopographies on cell 
adhesion, especially the direct or indirect role of nanoscale 
surface cues in the regulation of cell adhesion. 

Materials and methods 

Preparation and structural 
characterization of Sr^HA nano-granule/ 
rod-patterned multilayer coatings 

Commercial pure titanium discs of ((> 1 5 x 2 mm were employed 
as substrates. For the formation of the Srj-HA nanogranule- 
patterned multilayer coating (referred to as NG) by MAO, the 
titanium discs were used as anodes and treated using a pulse 
power supply in an aqueous electrolyte containing 0.167 M 
calcium acetate (CA), 0.033 M strontium acetate (SA), and 
0.02 M (3-glycerophosphate disodium ((3-GP) at an applied 
voltage of 480 V a pulse frequency of 100 Hz, and a duty ratio 
of 26% for 5 minutes. 36 The formation of the r -HA nanorod- 
patterned multilayer coatings (referred to as S67, S96, and 
SI 37 in reference to their difference in interrod spacing) by 
a two-step method of MAO and HT has been described in 
detail elsewhere. 36 Briefly, the titanium discs were first treated 
by MAO using a bipolar pulse power supply in an aqueous 
electrolyte containing different concentrations of CA, S A, and 
(3-GP at an applied positive pulse voltage of 380 V, a negative 
pulse voltage of 1 00 V, a pulse frequency of 1 00 Hz, and a duty 
ratio of 26% for 5 minutes; then the microarc-oxidized coatings 
were mounted in a Teflon-lined autoclave containing distilled 
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water with an initial pH value of 6.4 to receive HT at 140°C for 
24 hours. The morphologies of the coatings were examined by 
field-emission scanning electron microscopy (FESEM), (JSM- 
6700F; JEOL, Tokyo, Japan). In-plane TEM foil was prepared 
for the surface layer of the Sr^HA nanogranule-patterned 
multilayer coating, and was examined by transmission electron 
microscopy (TEM), (JEM-2000FX; JEOL) operating at 200 
kV The roughness of the coatings was examined by atomic 
force microscopy (AFM), (SPM-9500J3; Shimadzu, Kyoto, 
Japan). The hydrophilicity of the coatings was measured by a 
surface contact-angle measurement machine (DSA30; KRUSS 
GmbH, Hamburg, Germany). 

Protein adsorption assay 

A 1 mL droplet of Dulbecco's Modified Eagle/Ham's Medium 
(DMEM-12) (Thermo Scientific, Waltham, MA, USA) con- 
taining 10% fetal bovine serum (FBS), (Thermo Scientific) 
was pipetted onto each sample placed in 24-well plate. After 
incubation at 37°C for 1,4, and 24 hours, these samples were 
transferred to new 24-well plates and washed three times with 
1,000 LiL phosphate buffer saline (PBS), (Sigma, St Louis, 
MO, USA). Afterwards, 500 uX of 1% sodium dodecyl 
sulfate (SDS) solution was added to these wells and shaken 
for 15 minutes to detach proteins from the sample surface. 
Fibronectin and vitronectin concentrations in the collected 
SDS solutions were determined using respective enzyme- 
linked immunosorbent assay (ELISA) kits (R&D Systems, 
Minneapolis, MN, USA), while the total protein concentra- 
tions in the collected SDS solutions were determined using a 
NanoDrop 2000C device (Thermo Scientific) at a wavelength 
of 280 nm. Four samples for each group were tested, and each 
test was repeated four times (n=4). 

Cell adhesion assays 

Cell culture 

Human fetal osteoblast cell line, hFOB1.19, was purchased 
from the Institute of Biochemistry and Cell Biology of 
Chinese Academy of Sciences (Shanghai, People's Republic 
of China). The cells were inoculated into DMEM-12 supple- 
mented with 10% FBS, 0.3 mg/mL Geneticine 418 (Sigma), 
0.5 mM sodium-pyruvate (Sigma), and 1.2 g/L Na 2 C0 3 , 
and incubated in a humidified atmosphere incubator with 
5% CO z and 95% air at 37°C. The medium was refreshed 
every 2 days. 

Assay conditions 

The following assays were performed after incubation of 
hFOB1.19 cells on the coatings in serum- free DMEM-12 



and serum-containing medium (DMEM-12 containing 10% 
FBS), respectively. 

Cell adhesion assessment 
and morphology observation 

The samples were placed centrally in 24-well plates with a 
well diameter of 1 5 mm. hFOB 1.19 cells were seeded on each 
sample at a density of 4 x 10 4 cells/cm 2 , and incubated for 1, 
5, and 24 hours. At the end of each time period, the medium 
was removed from each well, and the samples were washed 
three times with PBS then transferred to new 24-well plates. 
The cells adhered on the samples were subsequently digested 
out of the samples with 0.3 mL 0.25% trypsin (Sigma) for 
5 minutes, then 0.7 mL culture medium was added to stop 
digestion; the released cells were counted with a hemocy- 
tometer on a Nikon Eclipse inverted fluorescence microscope 
(Tokyo, Japan). Alternatively, 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) assay was used to 
evaluate cell viability, which actually reflects mitochondrial 
activity (thus the metabolic condition) of cells. Thirty micro- 
liters of MTT (Sigma) solution (5 mg/mL MTT in PBS) 
together with 500 uL culture medium was added to each 
well with continuous culture for 4 hours. After removing the 
culture medium, adding 200 uL DMSO (Sigma) into each 
well and oscillating for 10 minutes, 100 uL of DMSO solu- 
tion from each well was transferred to a 96-well plate and the 
absorbance was measured at 490 nm. For both counting and 
MTT methods, four specimens for each group were tested, 
and each test was repeated four times. 

After 1 hour of culture, the cell-adhered samples 
were washed three times with PBS, and fixed with 2.5% 
glutaraldehyde for 1 hour at 4°C. The cell-fixed samples were 
then dehydrated in ethanol, followed by vacuum drying. After 
coating in gold, the samples were observed under FESEM 
for cell morphology. 

Fluorescence and Sirius red staining assessments 

Fluorescence staining of the actin, vinculin, and cell nucleus was 
performed with a triple staining kit from Chemicon (Chemicon 
International, Billerica, MA, USA) as follows. hFOB 1.19 cells 
were seeded on the coatings in 24-well plates at a density of 
4xl0 4 cells/cm 2 . After 24 hours of culture, the cell-seeded 
samples were fixed with 4% paraformaldehyde and washed 
three times with PBS buffer (PBS supplemented with 0.05% 
Tween-20; Sigma), permeabilized with 0.1% Triton X-100 
(Sigma) and washed three times again with PBS buffer. The 
cells were then incubated for 30 minutes at room temperature 
in 1% bovine serum albumin (Sigma) blocking agent. Mouse 
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monoclonal anti-vinculin (2 Lig/mL; Chemicon International) 
was added to the cells and the cells were incubated at 37°C for 
60 minutes and washed three times with PBS buffer. Fluorescein 
isothiocyanate (FITC)-conjugated goat anti-mouse IgG 
(10 Lig/mL; Chemicon International) and 37.5 ng/mL tetrameth- 
ylrhodamine isothiocyanate-conjugated phalloidin were added 
to the cells and the cells were incubated at 37°C for 60 minutes 
for vinculin and actin staining, respectively. Subsequently, the 
cells were washed three times with PBS and incubated in 0. 1 
Lig/mL 6-diamidino-2-phenylindole (DAPI) at 37°C for 5 min- 
utes for cell nucleus staining. After washing three times with 
PBS, the stained cells were analyzed with an OLYMPUS laser 
confocal microscopy FV1000 (Tokyo, Japan). In addition, this 
process was applicable to the fluorescence staining of the actin, 
FAK, and nucleus of the cells cultured on the coatings with a 
triple staining kit from Chemicon (Chemicon International). The 
difference is that 2 Lig/mL mouse monoclonal anti-FAK (Chemi- 
con International) instead of mouse monoclonal anti-vinculin 
was used as the primary antibody for FAK staining. 

Fluorescence staining of fibronectin and vitronec- 
tin secretion on the coatings was performed as follows. 
hFOB1.19 cells were seeded on the coatings at a density of 
4xl0 4 cells/cm 2 . After 24 hours of culture, the cell-seeded 
coatings were fixed in 4% paraformaldehyde for 10 minutes 
and then incubated for 30 minutes at room temperature in a 
1% bovine serum albumin (Sigma) blocking agent. Rabbit 
monoclonal anti-fibronectin ( 1 Lig/mL), (Abeam, Cambridge, 
UK) or mouse monoclonal anti-vitronectin (Abeam) was 
added to the coatings' surfaces and incubated at 4°C for 
12 hours, then 10 Lig/mL rhodamine-conjugated goat anti- 
rabbit IgG (Chemicon International) or FITC-conjugated goat 
anti-mouse IgG (Chemicon International) was correspond- 
ingly added to the abovementioned coatings' surfaces and 
incubated at 37°C for 60 minutes for fibronectin or vitronectin 
staining, respectively. After each of the staining events, the 
samples were washed three times with PBS. The stained 
fibronectin and vitronectin secreted by cells were analyzed 
with an OLYMPUS laser confocal microscopy FV1000. 

Collagen secretion by osteoblasts on the coatings was 
quantified by Sirius red staining as follows. hFOB 1.19 cells 
were seeded on the coatings at a density of 4xl0 4 cells/cm 2 
and cultured for 5 and 24 hours, then washed three times 
with PBS and fixed in 4% paraformaldehyde. Following 
three rinses in PBS, the constructs were stained for collagen 
secretion in a 0.1% solution of Sirius red (Sigma) in satu- 
rated picric acid for 18 hours. After washing the coatings 
with 0.1 M acetic acid until the red color presented in the 
solution disappeared, the stain on the coatings was eluted in 



500 mL of a destain solution (0.2 M 1:1 NaOH/methanol). 
The optical density of the eluted solution was then measured 
using a spectrophotometer at 540 nm. 

Real-time polymerase chain reaction (PCR) 

Gene expression of FAK, vinculin, and integrins (a 2 , a 5 , a v , P 15 
and (3 3 ) of the cells cultured on the samples for 5 and 24 hours 
were evaluated using real-time PCR. The total ribonucleic acid 
(RNA) was isolated using TRIzol reagent (Gibco, Carlsbad, C A, 
USA). RNA from the cells on each sample ( 1 Lig) was reversed 
transcribed into complementary DNA using a PrimeScript RT 
reagent kit (Takara, Shiga, Japan). Expression of vinculin, FAK, 
and various integrins was quantified using a real-time PCR 
detection system (Bio-Rad iQ™ 5 Multicolor; Hercules, CA, 
USA) with SYBR® Premix Ex™ Taq II (Takara). Data analysis 
was carried out using an iQ™ 5 Optical System (Bio-Rad; v 
2.0). The housekeeping gene, glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), was used as an endogenous refer- 
ence gene to normalize the calculation through the Comparative 
Ct value method. The sequences of the specific primer sets 
are listed as follows: FAK (5'TTATCCTGTTCATTGGCTT3' 
and 5'GTTGGCTCATTACTGCTTT3'), 
vinculin (5'GATGCTGGTGAACTC AATGA3' 
and 5 ' C G A AT GAT C T C G T TA AT C T C 3 ' ) , 
a 2 (5'TCC AAGCCTTC AGTGAGAGC3' 
and 5 ' AT G T G TAT C GAT CTCTGCCG3'), 
a 5 ( 5 ' AG AT G AGTT C AGC C G ATTC G3 'and 
5'TGGAAGTCAGGAACAGTGCC3'), 
a (5'TCGCCGTGGATTTCTTCGT3' 

v ^ 

and 5'TCGCTCCTGTTTC ATCTC AGTTC3'), 
P, (5'ACATGGACGCTTACTGC AGG3' 
and 5'GAAC AATTCCAGC AACC ACG3'), and 
P 3 (5' ATTGGCTGGAGGAATGACG3' and 
5'AAGACTGCTCCTTCTCCTGG3'). 

Statistical analysis 

The data were analyzed using SPSS software (vl4.0), 
(SPSS, Chicago, IL, USA). A two-way analysis of variance 
(ANOVA) followed by a Student-Newman-Keuls post-hoc 
test was used to determine the level of significance. P<0.05 
was considered to be significant and P< 0.01 was considered 
to be highly significant. 

Results and discussion 

Characterization of Sr^HA 
nanogranulate/nanorod-patterned coatings 

The NG coating is microporous with nanogranulated sur- 
face topography on the pores' walls (Figure 1A), which 
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Figure I (A) TEM image taken from the surface of NG coating; SEM surface 
morphologies of (B) S67, (C) S96, and (D) SI 37 coatings; the inserts showing 
corresponding low magnification SEM images. 

Abbreviations: NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer 
coating; SEM, scanning electron microscopy; TEM, transmission electron microscopy. 

is multilayered with Srj-HA as the outer layer and Ti0 2 - 
Ca 05 Sr 05 TiO 3 as the inner layer adjacent to the Ti substrate, 
as described in our previous work. 36 The S67, S96, and S137 
coatings are also microporous but with nanorod-shaped 3D 
topography on the pores' walls (Figure 1B-D), consisting of 
Srj-HA as the outer layer, Ca 05 Sr 05 TiO 3 as the middle layer, 
and Ti0 2 as the inner layer adjacent to the Ti substrate. 36 The 
nanorods on the coatings have a similar mean diameter of 
70 nm; however, the interrod spacing values are quite dif- 
ferent: 67.3+3.8, 95.7+4.2, and 136.8+8.7 nm for the S67, 
S96, and SI 37 coatings, respectively. There is no obvious 
difference in micro-scale roughness among the coatings, as 
characterized by average roughness (Ra) values. For example, 
these values are 465.4+35.3, 431.6+43.1, 437.7+31.3, and 
429.6+41.5 nm for NG, S67, S96, and SI 37, respectively. 
The measured contact angles of water droplets on the NG, 
S137, S96, and S67 coatings are 46.8°+5.7°, 25.2°+3.1°, 
14.5°+2.9°, and 4.3°±1.5°, respectively, indicating that the 
nanorod-patterned coatings can improve hydrophilicity 
compared to the nanogranulated coating; the improvement 
is more significant with decreasing interrod spacing. 

Protein adsorption on the coatings 
in the presence of serum 

Serum contains a variety of proteins, including albumin, 
fibronectin, and other subtle trace proteins such as vitronec- 
tin, osteopontin, and laminin. 37,38 The amounts of fibronectin, 
vitronectin, and total protein adsorbed on the coatings from 



serum-containing DMEM-12 after 1, 4, and 24 hours of 
incubation are displayed in Figure 2. At each incubation time, 
the adsorption amounts of fibronectin, vitronectin, and total 
protein on the coatings follow the trend: S67 > S96 > S137 > 
NG (Figure 2A-C). Moreover, the amounts of fibronectin and 
vitronectin are relatively lower than that of total protein due to 
the competition of other serum proteins for surface adsorption 
sites. However, vitronectin shows higher adsorption efficiency 
on the coatings compared to fibronectin, especially on the S67 
and S96 coatings (Figure 2D). 

Secreted anchoring proteins 
by cells in ECM 

Besides the adsorbed proteins from body fluids (such as 
blood, plasma, or serum), the extracellular anchoring ligands 
interacting with integrins can also be fibronectin, vitronectin, 
and collagen secreted by cells. 7 Relatively little work has been 
done to delineate the effects of surface topography on the 
processes of protein secretion by cells cultured on different 
topographical surfaces at the cell adhesion stage. We examined 
the surfaces of the NG, SI 37, S96, and S67 coatings after 
incubation in serum-free DMEM-12 for 24 hours, and no 
protein could be detected on the coatings. Figures 3 and SI 
show fluorescence images of fibronectin and vitronectin as 
well as the quantitative result of collagen on the coatings after 
24 hours of osteoblast incubation. In the absence of serum, 
as there was no protein adsorbed on the coatings from the 
medium, the presented fibronectin, vitronectin, and collagen 
on the coatings are those secreted by cells rather than adsorbed 
protein. It is notable that the amounts of the secreted anchor- 
ing proteins are significantly higher on the S96 coating and 
much pronounced on the S67 coating; however, the amount 
was significantly lower on the SI 37 coating compared to the 
NG coating (Figure 3). This result suggests that osteoblasts 
can secrete ECM proteins on Sr^HA surfaces within 24 hours 
of incubation and the proteins' secretion strongly depends 
on the inter-nanorod spacing and dimensionality of Si^-HA 
nanotopographies. The dependence of proteins' secretion on 
surface topography is also confirmed by the evidence that 
fibroblasts can secret fibronectin on titanium surfaces after 
16 hours of incubation and the fact that the amount of the 
secreted fibronectin increased ~2-fold on grooved surfaces 
compared to smooth surfaces. 39 

In the presence of serum, owing to the adsorption of pro- 
teins on the coatings from the medium, the presented fibronec- 
tin, vitronectin, and collagen on the coatings (Figure SI) 
include adsorbed and cell-secreted ones. It is shown that the 
dependence of the presented fibronectin, vitronectin, and 
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Figure 2 Adsorption of (A) fibronectin, (B) vitronectin, and (C) total protein as well as (D) ratio of vitronectin/fibronectin adsorbed onto the coatings after I, 4, and 
24 hours of incubation in serum-containing DMEM-12 medium. 

Notes: Data are presented as the mean ± SD, n-4, *P<0.05 and **P<0.0l compared with the NG coating; ++ P<0.0 1 compared with the SI 37 coating; s& P<0.0l compared 
with the S96 coating. 

Abbreviations: NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer coating; DMEM-12, Dulbecco's Modified Eagle/Ham's Medium; SD, standard deviation. 



collagen on the surface topographies of the coatings in the 
presence of serum is similar to that in the absence of serum. 
However, these presented proteins on the coatings are more 
pronounced in the presence of serum compared to in the 
absence of serum. The amounts of adsorbed fibronectin and 
vitronectin on the SI 37 coating are higher than those on the 
NG coating (Figure 2); however, as the presented fibronectin 
and vitronectin on the SI 37 coating are much lower than 
those on the NG coating in the presence of serum (Figure 
SI), it is reasonable to suggest that the presented fibronectin, 
vitronectin, and collagen on the NG, S 137, S96, and S67 coat- 
ings in the presence of serum are mainly contributed from the 
cell-secreted fibronetion, vitronetion, and collagen. 

Cell adhesion on nano-granulate/rod- 
patterned coatings 

The numbers and morphologies of cells adhered 
on the coatings 

Figures 4A and S2A show the counting assay of osteoblasts 
on the coatings after 1,5, and 24 hours of incubation. In the 
absence of serum (Figure 4A), the number of adherent cells 



has been observed to significantly increase on the S67 and 
S96 coatings, but decrease on the S 137 coating compared to 
the NG coating at each time point; at 24 hours, for example, 
a 2.85-fold increase on the S67 coating, 1.94-fold increase 
on the S96 coating, or 0.68-fold decrease on the S 137 coating 
compared to the NG coating are exhibited. Furthermore, the 
dependence of the cell number on the surface topographies of 
the coatings in the presence of serum (Figure S2A) is similar 
to that in the absence of serum. However, all of the coatings 
to some extent show an increase in the number of adherent 
cells in the presence of serum compared to the absence of 
serum at each time; and the increase is the largest on the 
NG coating and the least on the S137 coating. For instance, 
a 1.76-fold on the NG coating, 1.18-fold on the SI 37 coat- 
ing, 1.52-fold on the S96 coating, and 1.32-fold on the S67 
coating are visible at 24 hours (Figure S2A). MTT assay of 
cells on the coatings exhibited the same trend as the counting 
assay, as shown in Figures 4B and S2B, indicating that the 
metabolic activity of adherent cells significantly increases on 
the S67 and S96 coatings, but decreases on the S 1 37 coating 
compared to the NG coating. 
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Figure 3 Fluorescence images of (A) fibronectin and (B) vitronectin secreted 
by osteoblasts into ECM on NG, SI 37, S96, and S67 coatings after 24 hours of 
incubation in serum-free DMEM-I2. (C) Collagen secretion in ECM by osteoblasts 
on the coatings after 5 and 24 hours of incubation in serum-free DMEM- 1 2. 
Notes: Data are presented as the mean ± SD, n-4, *P<0.05 and **P<0.0 1 compared 
with the NG coating; ^P<0.0 1 compared with the S I 37 coating; * & P<0.0 1 compared 
with the S96 coating. 

Abbreviations: DMEM- 1 2, Dulbecco's Modified Eagle/Ham's Medium; ECM, 
extracellular matrix; NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer 
coating. 

Figures 4C and S2C show the cells' morphologies on the 
coatings after culturing for 1 hour. The shapes of the cells 
on the coatings in the absence of serum (Figure 4C) are 
similar to those in the presence of serum (Figure S2C), but 
exhibit significant differences with the surface topographies 
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Figure 4 (A) Counting and (B) MTT assays of osteoblasts on the NG, SI 37, S96, 
and S67 coatings after I, 5, and 24 hours of incubation in serum-free DMEM- 1 2. 
(C) Morphologies of cells on the coatings after I hour of incubation in serum-free 
DMEM- 1 2; the inserts are corresponding magnified images. 

Notes: Data are presented as the mean + SD, n-4, *P<0.05 and **P<0.0 1 compared 
with the NG coating; ^P<0.0 1 compared with the S I 37 coating; && P<0.0 1 compared 
with the S96 coating. 

Abbreviations: DMEM- 1 2, Dulbecco's Modified Eagle/Ham's Medium; MTT, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NG, Sr-doped 
hydroxyapatite nanogranule-patterned multilayer coating. 



of the coatings. The adherent cells are spherically shaped on 
the SI 37 coating and display less spread; larger polygonal 
cells appear on the NG coating and are more pronounced on 
the S67 and S96 coatings. Remarkably, the inserted magni- 
fied images show no obvious filopodia on the NG and SI 37 
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coatings and a few filopodia appear on the S96 coating; in 
contrast, many filopodia can be observed at the borders of 
cells on the S67 coating. It is clear that the inter-nanorod 
spacing and dimensionality of Srj-HA nanotopographies can 
separately modulate cell adhesion and plays a dominant role 
in mediating cell adhesion compared to protein adsorption; 
the adhesion and spread of cells is significantly enhanced 
on 67.3+3.8 and 95.7+4.2 nm spaced nanorods' patterned 
topographies, but is inhibited on 136.8+8.7 nm spaced nano- 
rods' patterned topography compared to the nanogranulated 
2D topography. 

Focal adhesion contact 

and cytoskeleton organization 

Cell adhesion to a material is achieved via the formation of 
focal adhesion (FA). 3 The characterization of FA, namely 
FAK and vinculin which can be seen as markers to identify 
FA contact, and cytoskeleton such as actin arrangement, 
would provide evidence on how topography affects cell 
adhesion. 40 - 41 FAK is a tyrosine kinase that colocalizes 
with integrins at the C-terminal FA-targeting domain via 
associations with integrin-binding proteins, paxillin and 
talin. 42 Vinculin is a membrane-bound protein involved 
in FA, acting as a linker between integrins and actin 
cytoskeleton. 43 Figures 5 and S3 as well as Figures 6 and S4 
show vinculin-actin-nucleus and FAK-actin-nucleus tri- 
colors staining fluorescence images of cells on the coatings 
after 24 hours of incubation, respectively. In the absence 
of serum (Figures 5 and 6), the FA contact, as visualized 
by FA-recruited vinculin and FAK, are distributed over the 
peripheral and central regions of cells on the NG, S67, and 
S96 coatings, but almost no FA contact can be seen in cells 
on the SI 37 coating. Qualitatively, there are more FA con- 
tact points in cells on the S96 coating, and much more on 
the S67 coating than those on the NG coating. Furthermore, 
better organized filamentous actin bundles are observed in 
cells on the S67 and S96 coatings, especially on the S67 
coating compared to the other coatings. In the presence of 
serum (Figures S3 and S4), the FA distributions and actin 
arrangements in cells on the coatings are similar to those 
in the serum-free condition; however, the areas of cells on 
the coatings are slightly increased compared to those in the 
absence of serum. 

To further quantitatively demonstrate FA, the vinculin 
and FAK gene expression of cells on the coatings after 5 and 
24 hours of culture were detected as shown in Figures 7 and S5 . 
In both the cases of the absence (Figure 7) and presence of 
serum (Figure S5), the gene expression of vinculin and 
FAK in cells on the coatings increases with incubation time. 
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Figure 5 Vinculin (green), actin (red), and nucleus (blue) fluorescence images of 
osteoblasts on the (A) NG, (B) S I 37, (C) S96, and (D) S67 coatings after 24 hours 
of incubation in serum-free DMEM-I2. 

Abbreviations: DMEM-I2, Dulbecco's Modified Eagle/Ham's Medium; NG, Sr- 
doped hydroxyapatite nanogranule-patterned multilayer coating. 



At each incubation time, the expression of vinculin and FAK 
mRNAs in cells are significantly upregulated on the S67 and 
S96 coatings, but significantly downregulated on the SI 37 
coating compared to the NG coating. In the absence of serum 
after 24 hours of incubation (Figure 7), for example, the cells 
express 2.63-fold higher vinculin and 2.81-fold higher FAK 
mRNAs on the S67 coating, 1.81 -fold higher vinculin and 
1 .93-fold higher FAK mRNAs on the S96 coating, but 0.63- 
fold lower vinculin and 0.50-fold lower FAK mRNAs on the 
S 1 37 coating than on the NG coating. In the presence of serum 
(Figure S5), the mRNA expression of vinculin and FAK in 
cells on the coatings is modestly upregulated compared to in 
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Figure 6 FAK (green), actin (red), and nucleus (blue) fluorescence images of 
osteoblasts on the (A) NG, (B) S I 37, (C) S96, and (D) S67 coatings after 24 hours 
of incubation in serum-free DMEM-12. 

Abbreviations: DMEM- 1 2, Dulbecco's Modified Eagle/Ham's Medium; FAK, focal adh- 
esion kinase; NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer coating. 



the absence of serum, and the upregulation is the least on the 
S 1 37 coating and the most on the NG coating; at 24 hours for 
example, 1.2-1. 5-fold upregulated vinculin and 1.1-1. 6-fold 
upregulated FAK mRNAs are exhibited. This result suggests 
that the inter-nanorod spacing and dimensionality of Srj-HA 
nanotopographies can separately modulate the formation 
of focal adhesion and plays a predominant role compared 
to protein adsorption. Although many experimental inves- 
tigations have shown that nanotopographies can regulate 
the formation of focal adhesion in the presence of serum, 
the molecular mechanism by which topography affects FA 
complexes and the mRNA expression of vinculin and FAK 
is not clear. 2 ' 3,40-43 

Integrin gene expression 

Transmembrane integrin plays an important role in mediat- 
ing cell adhesion; it binds to extracellular anchoring ligands 
on one side, and to intracellular linker proteins of focal adhe- 
sion such as vinculin on the other side. 7 Figures 8 and S6 
show the gene expression of integrin subunits in osteoblasts 
on the coatings. In both cases of the absence (Figure 8) and 
presence of serum (Figure S6), the mRNA expression of a 2 , 
a 5 , ot v , Pj, and P 3 in cells on the coatings increases with incu- 
bation time. At each incubation time, the gene expression of 
the integrin subunits in cells is significantly upregulated on 
the S67 and S96 (especially S67) coatings, but significantly 
downregulated on the SI 37 coating compared to the NG 
coating. In the absence of serum after 24 hours of incuba- 
tion (Figure 8), for example, compared to the NG coating, 
the S67 coating shows an increase in mRNA expression of 
2.84-fold for a 2 , 2.63-fold for a 5 , 3.04-fold for a v , 2.84-fold 
for p p and 5.4-fold for p 3 ; the S96 coating shows a increase 
in mRNA expression of 1.96-fold for a,, 1.81-fold for a 5 , 
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Figure 7 (A) Vinculin and (B) FAK gene expression of osteoblasts on the coatings after 5 and 24 hours of incubation in serum-free DMEM-12. 

Notes: Data are presented as the mean ± SD, n-4, *P<0.05 and **P<0.0 1 compared with the NG coating; ++ P<0.0 1 compared with the S I 37 coating; && P<0.0 1 compared 
with the S96 coating. 

Abbreviations: DMEM-12, Dulbecco's Modified Eagle/Ham's Medium; FAK, focal adhesion kinase; NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer coating; 
mRNA, messenger ribonucleic acid. 
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Figure 8 (A) a 2 , (B) a 5 , (C) a v , (D) P |( and (E) p 3 gene expression of osteoblasts on the coatings after 5 and 24 hours of incubation in serum-free DMEM- 1 2. 

Notes: Data are presented as the mean ± SD, n-4, *P<0.05 and **P<0.0l compared with the NG coating; ++ P<0.0 1 compared with the SI 37 coating; s& P<0.0l compared 

with the S96 coating. 

Abbreviations: DMEM- 1 2, Dulbecco's Modified Eagle/Ham's Medium; NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer coating; mRNA, messenger 
ribonucleic acid; SD, standard deviation. 



2.14-fold for a v , 2.1 1-fold for (3,, and 3.03-fold for (3 3 ; while 
the SI 37 coating shows a decrease in mRNA expression of 
0.64-fold for a 2 , 0.63-fold for a 5 , 0.57-fold for a v , 0.53-fold 
for p and 0.85-fold for p 3 . In the presence of serum (Figure 
S6), the mRNA expression of the integrin subunits in cells 
on the coatings is modestly upregulated compared to the 
absence of serum, and the upregulation is the least on the 
S 137 coating and the largest on the NG coating; at 24 hours 



for instance, 1. 17-1.5 1 -fold upregulated a 2 , 1.2 1-1. 69-fold 
upregulated a 5 , 1. 16- 1.56-fold upregulated a v , 1.13-1. 61- 
fold upregulated p p and 1.1 9-2. 32-fold upregulated p 3 
mRNAs are exhibited. This result suggests that the inter- 
nanorod spacing and dimensionality of Srj-HA nanotopog- 
raphies can separately regulate the gene expression of a 2 , 
a 5 , a v , Pj, and P 3 and plays a predominant role compared to 
protein adsorption. 
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In the literature, emerging data demonstrate that sur- 
face topographies modulate integrin and in turn mediate 
downstream behavior of cells, such as adhesion, prolifera- 
tion, and differentiation; 23 - 24 - 40-49 however, the mechanism by 
which topography affects integrin is not clear. Although the 
cell adhesion result, reported by Lim et al, performing on 
nanoscale pits in the presence of serum, suggested that nano- 
topography affects cell behavior via a direct mechanism, they 
cannot rule out the possibility that serum protein adsorption 
on nanotopographies may play a role in nanotopography 
regulation of cell behavior. 42 Our study is the first demonstra- 
tion, in the absence of serum, that the number of adherent 
osteoblasts, cell-secreted anchoring proteins (fibronectin, 
vitronectin, and collagen), vinculin and FAK denoted FA, 
and gene expression of vinculin, FAK, and integrin subunits, 
undergo significant changes with variation in the internano- 
rod spacing and dimensionality of Sr^HA nanotopographies. 
It clearly indicates that 3D nanotopography can modulate cell 
adhesion via a direct mechanism (cell-material interactions) 
rather than via indirect mechanisms (cell-adsorbed protein- 
material interactions). 

As regards to integrin, we demonstrate that in both cases 
of the absence and presence of serum, the nanorods' patterned 
3D topographies with different interrod spacing can affect 
integrin expression compared to the nanogranulated 2D 
topography under the same surface chemistry and roughness, 
although the mechanism by which this occurs is yet not clear. 
However, our results clearly show that upregulation or down- 
regulation of vinculin and FAK gene expression (Figure 7) 
and FA contact (Figures 5 and 6) on the nanorod-patterned 
topographies reveal the same trend as a 2 , a 5 , a v , p\, and p 3 
integrin subunits (Figure 8) with varying interrod spacing in 
the absence of serum. These results suggest that the variation 
of FAK activation and FA contact on the nanorod-patterned 
topographies may originate from interrod spacing-dependent 
change in integrins. On the other hand, osteoblasts can, in 
the absence of serum, secrete fibronectin, vitronectin, and 
collagen proteins to form ECM on the Srj-HA nanorods 
and nanogranulate-patterned coatings within 24 hours of 
incubation, and the proteins' secretion strongly depends on 
surface topographies. The nanotopography-induced variation 
in the secretion of fibronectin, vitronectin, and collagen in 
the absence of serum is very similar to that of a 2 , a 5 , a v , 
Pj, and P 3 integrin subunits (Figures 3 and 8). This result 
suggests that integrins may mediate the secretion of these 
anchoring proteins. As known, the pairing of integrin subunits 
dictates specificity for ECM ligands. For example, oc v P 3 binds 
to a number of ligands, including fibronectin, vitronectin, 



and fibrinogen; 5 - 6 a 5 p t is an important fibronectin-specific 
integrin versus a v p 3 ; 44,50,51 and a 2 p t binds to collagen. 5 - 52,53 
It is reasonable to speculate a direct mechanism by which 
nanotopographies mediate cell adhesion as follows: the cell 
stimulatory effect of nanotopographies may be achieved by 
regulating integrins that subsequently mediate the secretion 
of the anchoring proteins and results in the recruitment of 
vinculin to focal adhesion complexes, as well as activation 
of FAK and further downstream signaling events, while 
nanotopography-modulated integrins form structural and 
functional bridges between the ECM and cytoskeletal linker 
proteins though FA contact, provide anchorage forces, and 
transmit chemical and mechanical signals from the ECM 
through the cytoskeleton to the nucleus. 

Counting assay shows that the adhesion of osteoblasts is 
enhanced on the S67 and S96 coatings, but is inhibited on the 
S 1 3 7 coating compared to the NG coating in the presence of 
serum (Figure S2A). Generally, the type, amount, and con- 
formation of the adsorbed protein from serum onto a mate- 
rial influences cell adhesion. 37 - 38 It has been recognized that 
more hydrophilic surfaces lead the adsorbed fibronectin and 
vitronectin to be in a more bioactive conformation, specific 
for cell adhesion. 26 - 54 - 55 Based on the superior hydrophilicity 
of the SI 37 coating to the NG coating, it is reasonable to 
speculate that the adsorbed fibronectin and vitronectin on the 
SI 37 coating are specific and in a more bioactive conforma- 
tion compared to on the NG coating. Simultaneously, the 
adsorption amounts of fibronectin and vitronectin are higher 
on the SI 37 coating than on the NG coating in the presence 
of serum (Figure 2). These results further suggest that the 
reduced cell adhesion on the SI 37 coating is independent 
of protein adsorption. The reason for the difference in cell 
adhesion on the nanorod-patterned topographies is thought 
to be related to interrod spacing. It has been reported that 
the spacing between integrin ligands plays an important 
role in the formation of focal adhesion, which is dependent 
on the local order of ligand arrangement on a substrate. 56-59 
For an ordered pattern, integrin ligands with a lateral spac- 
ing larger than 70 nm inhibited focal adhesion formation 
and cell spreading. 57 - 58 However, recent work from Spatz 
et al 56 and Huang et al 59 revealed that a disordered ligand 
pattern clearly leads to more integrin clustering than a corre- 
sponding ordered one when the average inter-ligand spacing 
is above 70 nm. Only slight variations in cell morphology 
and density could be found on disordered patterns even if 
the spacing increased to 92 nm as compared to 50 nm. 56,59 
In the present work, the Sr^HA nanorods are randomly ori- 
ented with a disordered pattern (Figure 1). Therefore, more 
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focal adhesions are observed on the 67.3+3.8 nm spaced 
nanorod-patterned topography (S67 coating) compared 
to the 95.7+4.2 nm spaced nanorod-patterned topography 
(S96 coating), while few focal adhesions are visible on the 
136.8+8.7 nm spaced nanorod-patterned topography (S137 
coating), as presented in Figures 5, 6, S3, and S4. Synergisti- 
cally taking into consideration the dependence of focal adhe- 
sion, anchoring proteins' secretion, and integrin expression 
to interred spacing, this combination in turn promotes cell 
adhesion on the 67.3±3.8 and 95.7+4.2 nm spaced nanorod- 
patterned topographies, while inhibiting cell adhesion on 
the 136.8+8.7 nm spaced nanorod-patterned topography 
compared to the nanogranulated 2D topography. 

Furthermore, we demonstrate that the variation in the 
number of adherent cells, cell-secreted anchoring proteins, 
vinculin and FAK denoted focal adhesion contact, and gene 
expression of the vinculin, FAK, and integrin subunits with 
the inter-nanorod spacing and dimensionality of Sr^HA nano- 
topographies show a similar trend in the presence of serum to 
that in the absence of serum. However, the number of adher- 
ent cells, cell-secreted anchoring proteins, vinculin and FAK 
denoted focal adhesion contacts, and gene expressions of vin- 
culin, FAK and integrin subunits are, to some extent, increased 
on the coatings in the presence of serum compared to in the 
absence of serum, suggesting that protein adsorption can also 
play an accessory role in mediating cell adhesion in the case of 
3D nanotopographies with interred spacing <96 nm. 

Conclusion 

Firmly adhered S^-HA 3D nanorods (with interrod spac- 
ing of 67.3+3.8, 95.7+4.2, and 136.8+8.7 nm) and 2D 
nanogranulate -patterned coatings have been prepared on 
titanium. Under the same surface chemistry and roughness 
in the absence of serum, investigations of the role of Srj-HA 
nanotopographies in the regulation of osteoblast adhesion 
reveal that the number of adherent cells, cell-secreted 
anchoring proteins (fibronectin, vitronectin, and collagen), 
vinculin and FAK denoted focal adhesion contact, and 
gene expression of vinculin, FAK, and integrin subunits 
(a 2 , a 5 , a v , f^, and (3 3 ), undergo significant changes with 
variation in inter-nanorod spacing and dimensionality of 
Srj-HA nanotopographies. They are significantly enhanced 
on the <96 nm spaced nanorod-patterned 3D topographies 
and more pronounced with decreasing interrod spacing, 
but inhibited on the >96 nm spaced nanorods compared to 
the nanogranulated 2D topography. Although the adsorp- 
tion of fibronectin and vitronectin from serum are higher 
on 1 3 6 . 8±8 . 7 nm spaced nanorod-patterned topography than 



for nanogranulated topography, cell adhesion is inhibited on 
the former compared to the latter in the presence of serum, 
further suggesting that reduced cell adhesion is indepen- 
dent of protein adsorption. This work clearly indicates that 
3D nanotopography can directly modulate cell adhesion 
by regulating integrins, which subsequently mediates the 
secretion of anchoring proteins and the formation of focal 
adhesion rather than protein adsorption. It is also suggested 
that protein adsorption plays an accessory role in mediat- 
ing cell adhesion in the case of 3D nanotopographies with 
interrod spacing <96 nm. Our work provides insight into the 
surface structural design of a biomedical implant favoring 
osteointegration. 
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Figure SI Fluorescence images of (A) fibronectin and (B) vitronectin secreted 
by osteoblasts into ECM on the NG, SI 37, S96, and S67 coatings after 24 hours of 
incubation in serum-containing DMEM. (C) Collagen secretion in ECM by osteoblasts 
on the coatings after 5 and 24 hours of incubation in serum-containing DMEM. 
Notes: Data are presented as the mean ± SD, n-4, *P<0.05 and **P<0.0 1 compared 
with the NG coating; ^P<0.0 1 compared with the S I 37 coating; * & P<0.0 1 compared 
with the S96 coating. 

Abbreviations: DMEM, Dulbecco's Modified Eagle/Ham's Medium; ECM, extra- 
cellular matrix; NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer 
coating; SD, standard deviation. 
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Figure S2 (A) Counting and (B) MTT assays of osteoblasts on the NG, S I 37, S96, 
and S67 coatings after I, 5, and 24 hours of incubation in serum-containing DMEM. 
(C) Morphologies of cells on the coatings after I hour of incubation in serum- 
containing DMEM; the inserts are corresponding magnified images. 
Notes: Data are presented as the mean + SD, n-4, *P<0.05 and **P<0.0 1 compared 
with the NG coating; W P<0.0 1 compared with the S I 37 coating; as P<0.0 1 compared 
with the S96 coating. 

Abbreviations: DMEM, Dulbecco's Modified Eagle/Ham's Medium; MTT, 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NG, Sr-doped hydroxyapatite 
nanogranule-patterned multilayer coating; SD, standard deviation. 
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Figure S3 Vinculin (green), actin (red), and nucleus (blue) fluorescence images of 
osteoblasts on the (A) NG, (B) SI 37, (C) S96, and (D) S67 coatings after 24 hours 
of incubation in serum-containing DMEM. 

Abbreviations: DMEM, Dulbecco's Modified Eagle/Ham's Medium; NG, Sr-doped 
hydroxyapatite nanogranule-patterned multilayer coating. 
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Figure S4 FAK (green), actin (red), and nucleus (blue) fluorescence images of 
osteoblasts on the (A) NG, (B) S 1 37, (C) S96, and (D) S67 coatings after 24 hours 
of incubation in serum-containing DMEM. 

Abbreviations: DMEM, Dulbecco's Modified Eagle/Ham's Medium; FAK, focal 
adhesion kinase; NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer 
coating. 
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Figure S5 (A) Vinculin and (B) FAK gene expression of osteoblasts on the coatings after 5 and 24 hours of incubation in serum-containing DMEM. 

Notes: Data are presented as the mean + SD, n-4, *P<0.05 and **P<0.0 1 compared with the NG coating; ++ P<0.0 1 compared with the S I 37 coating; && P<0.0 1 compared 
with the S96 coating. 

Abbreviations: DMEM, Dulbecco's Modified Eagle/Ham's Medium; FAK, focal adhesion kinase; mRNA, messenger ribonucleic acid; NG, Sr-doped hydroxyapatite 
nanogranule-patterned multilayer coating; SD, standard deviation. 
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Figure S6 (A) a 2 , (B) a s , (C) a v , (D) (3 |t and (E) p 3 gene expression of osteoblasts on the coatings after 5 and 24 hours of incubation in serum-containing DMEM. 
Notes: Data are presented as the mean + SD, n-4, *P<0.05 and **P<0.0 1 compared with the NG coating; ++ P<0.0 1 compared with the S I 37 coating; && P<0.0 1 compared 
with the S96 coating. 

Abbreviations: DMEM, Dulbecco's Modified Eagle/Ham's Medium; mRNA, messenger ribonucleic acid; NG, Sr-doped hydroxyapatite nanogranule-patterned multilayer coating; 
SD, standard deviation. 
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